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We numerically investigate the electronic transport properties between two mesoscopic graphene
disks with a twist by employing the density functional theory coupled with non-equilibrium Green’s
function technique. By attaching two graphene leads to upper and lower graphene layers separately,
we explore systematically the dependence of electronic transport on the twist angle, Fermi energy,
system size, layer stacking order and twist axis. When choose different twist axes for either AA- or
AB-stacked bilayer graphene, we find that the dependence of conductance on twist angle displays
qualitatively distinction, i.e., the systems with “top” axis exhibit finite conductance oscillating as a
function of the twist angle, while the ones with “hollow” axis exhibit nearly vanishing conductance
for different twist angles or Fermi energies near the charge neutrality point. These findings suggest
that the choice of twist axis can effectively tune the interlayer conductance, making it a crucial
factor in designing of nanodevices with the twisted van der Waals multilayers.
Introduction—. The discovery of graphene [1] booms
extensive investigation on two-dimensional van der
Waals materials, among which the bilayer graphene is
considered as an ideal prototype system [2]. Both
experiments[3] and theoretical studies via either atom-
istic simulations [4–16] or low-energy continuum mod-
els [17–26] reveal the dramatic modification of inter-
layer van der Waals interactions and band structures
by a twist between two graphene monolayers. For large
twist angles, the low-energy behavior of twisted bilayer
graphene (tBLG) matches that of monolayer graphene,
indicating the suppressed coherent interlayer electronic
transport [4–7, 24–26]. For small twist angles, e.g.,
θ < 10◦, the suppression of Fermi velocity becomes pro-
nounced [5–7, 23–25]. When θ approaches to 1◦, the
strong interlayer coupling may result in more exotic phe-
nomena, e.g., moire´ flat band [23], van Hove singulari-
ties [26–28], and strongly correlated electron states [29–
32]. Generally, the electronic transport is a effective way
to investigate the dependence of electronic properties on
the twist angle. [29–40].
Theoretically, the electronic properties of tBLG have
been explored by employing atomistic calculations or
low-energy continuum model [3, 4, 21–25]. The former
approach is usually restricted to limited relative large
commensurate angles [3, 4] since the atomic number of
each tBLG supercell changes drastically and is easy to
exceed tens of thousands for small twist angles [25]. The
later one, however, is restricted to rather small angles and
the parameters used in these long wavelength theories are
not unique [21–24]. Moreover, compared to above stud-
ies on commensurate angles, the incommensurate cases
are usually ignored due to the assumption of vanishing
interlayer coupling. Interestingly, recent experiments re-
FIG. 1: (a)-(b): top and side views of mesoscopic twisted
bilayer graphene device in our calculation. The left (right)
terminal is connected seamlessly to the upper (lower) layer.
Carbon (C) atoms in blue and orange are at upper and lower
layers, respectively. Hydrogen atoms in red saturate the open
boundaries. “r” is the radius of bilayer graphene disk. “α/2”
measures the relative twist of each layer with x axis and α thus
denotes the relative twist between upper and lower layers.
ported the observation of strong interlayer coupling in
an incommensurate tBLG [41, 42]. Therefore, it is still
challenging in uncover the emergent electronic properties
of tBLG with arbitrary twist. The aforementioned diffi-
culties arise naturally in the investigation of bulk tBLG
systems due to the presence of translational symmetry or
2large supercell. However, in mesoscopic tBLG systems,
these difficulties can be avoided and the twist axes or
twist angles can be manipulated easily.
In this Letter, we numerically explore the interlayer
transport properties of two mesoscopic discs of graphene
with a twist over a wide range of angles, which in-
clude both commensurate and incommensurate angles.
By studying the dependence of the electronic transport
properties on the system size, stacking order, twist axis,
twist angle, and Fermi energy, we find that the twist axis
plays crucial role in determining the interlayer tunnel-
ing. When the twist axis going through the “top” site of
bilayer graphene, the system is mostly conductive near
the charge neutrality point and the conductance shows
strong oscillate as a function of twist angle. When the
twist axis going through the “hollow” site, the system
displays insulating characteristic, i.e. the conductance
is nearly vanishing for Fermi energies around the charge
neutrality point. By displaying the conductance as func-
tions of Fermi energy and twist angle at different twist
axes, we present a clear and complete picture on how the
twist axis and the twist angle can be used to tune the in-
terlayer conductance in mesoscopic tBLG system. This
will definitely shed light on designing nanodevices from
twisted van der Waals materials.
Model and Methods—. In our calculation, a two-
terminal mesoscopic device as displayed in Fig. 1 is
adopted, where Figs. 1(a) and 1(b) display schematically
the top and side views of our considered system. The
central region is chosen to be two graphene layers of disk
shape to avoid the variance of the central overlap area
during the continuous twist. The left/right terminal is
seamlessly integrated to the upper/lower layer. The dan-
gling bonds are saturated with hydrogen (H) atoms. The
terminal width is set to be 60% of the disk diameter.
Due to the computational capacity [43], the disk radii
are chosen to be r = 7.8, 10.7, 14.2, 20.9 and 25.6 A˚ in
our calculations. The corresponding numbers of carbon
(C) and H atoms are respectively (150-C, 35-H), (270-C,
46-H), (480-C, 63-H), (1000-C, 92-H), and (1560-C, 112-
H) in the central region. The interlayer distance is set to
be 3.4 A˚. α indicates the relative twist between upper
and lower layers.
The lattice structure of central region with connected
terminals is optimized by using Vienna ab initio simu-
lation package (VASP) [44–46]. The two-terminal con-
ductance is obtained by employing the NanoDcal pack-
age [47, 48], which combines the nonequilibrium Green’s
function with density functional theory. The single zeta
polarized atomic orbital basis is used. In both VASP
and NanoDcal calculations, the exchange correlation po-
tential assumes the Perdew-Burke-Ernzerhof generalized
gradient approximation [49]. Details of the conductance
calculation can be found in Supplemental Materials [50].
To provide a systematic study on the dependence of inter-
layer transport on the relative twist angles, we choose 61
FIG. 2: (a)-(e): The colormaps of two-terminal conductance
G in (α, E) plane for twist axis shown in (g). The corre-
sponding disk radii are r = 7.8 A˚ (a), 10.7 A˚ (b), 14.2 A˚(c),
20.9 A˚ (d), and 25.6 A˚ (e), respectively. Color bar is used
to measure the strength of the conductance. (f): The pe-
riod T of conductance oscillation along with twist angle for
different disk radius. (g): Schematic plot of the twist axis go-
ing through the top site (red spot) of the AB-stacked bilayer
graphene.
integer angles ranging from 0◦ to 60◦ and 12 commensu-
rate angles [50]. Hereinbelow, in our considered systems,
we use the two-terminal conductance to effectively reflect
the interlayer tunneling.
Effect of System Size—. We first study the influence
of system size on the two-terminal conductance, by tak-
ing the example of the twist axis of the “AB-top” as
schematically displayed in Fig. 2(g). The colormaps of
conductance (G) in the space spanned by twist angle α
and Fermi energy E are displayed in Figs. 2(a)-2(e) for
disk radii of r = 7.8 A˚, 10.7 A˚, 14.2 A˚, 20.9 A˚, and 25.6 A˚,
respectively. At relative small radius [see Fig. 2(a)], the
colormap of conductance is well separated into strong-
and weak-conducting regions as shown in red and blue,
separately. We find that conductance G varies quasi-
periodically as the twist angle α at fixed Fermi energy
E. Specifically, at E = 0.1 eV, the local maximum of
G appear at twist angles of α = 5◦, 20◦, 39◦, and 52◦,
indicating relatively strong interlayer tunneling, whereas
G reaches its local minima that are vanishingly small at
α = 13◦, 29◦, and 47◦, indicating the prohibit of tunnel-
ing from upper to lower layers. Similarly, the conduc-
tance G also fluctuates from zero to non-zero as Fermi
energy at fixed twist angle α. When the Fermi energy is
away from charge neutrality point gradually, the regions
3FIG. 3: (a)-(c): The colormaps of the two-terminal conductance G in (α, E) plane for four different twist axes shown at the
left side of each panel at a fixed radius of r = 14.2 A˚. Color measures the conductance. (a): “AB-hollow”. The vertical
twist axis go through the hollow site (red spot) of the AB-stacked bilayer graphene. (b) and (c): “AA-top” and “AA-hollow”.
The vertical twist axes respectively go through the top (b) and hollow (c) sites of the AA-stacked bilayer graphene. (d): The
conductance G as a function of twist angle α for four different twist axes at E = 0.02 eV.
near maxima evolve into conducting islands surrounded
by weak-conducting region shown in blue color. Around
E = 0.60 eV, the interlayer conductance becomes van-
ishingly small in the whole range of α from 0◦ to 60◦.
These results suggest that at certain twisting angles, one
can effectively tune the interlayer tunneling by electri-
cal gating, which can be utilized to realize the “ON” or
“OFF” functions in logic devices.
When the disk radius increases, the quasi-periodic os-
cillation of G preserves as displayed in Figs. 2(b)-2(e)
where the periodicity T decreases as the system size in-
creases. The number of regions reaching conductance
maxima increases with the radius, i.e., there are 4 regions
of conductance maxima near charge neutrality point at
r = 7.8 A˚ [see Fig. 2(a)], while there are 5 regions at
r = 10.7A˚ [see Fig. 2(b)]. We can find that the regions
of vanishingly small conductance always exist as the in-
crease of system radius, indicating the better control of
“ON” and “OFF” functions by tuning either the Fermi
energy E or the twist angle α. In Fig. 2(f), we fit the
quasi-period T of conductance oscillation along with the
twist angle at different disk radii. One can see that as the
radius increases, the periodicity T first rapidly decreases,
and then tends to converge at larger radius. Besides the
integer twist angles, we also find that the transition of
conductance between commensurate and incommensu-
rate angles is smooth due to the absence of moire´ periodic
potential in such mesoscopic tBLG system [50].
Role of Twist Axis—. Now, we move to explore the
influence of the twist axis on determining the interlayer
coupling. From the symmetric point of view, there are
three kinds of twist axis: (i) “AB-hollow” as displayed
in Fig. 3(a); (ii) “AB-top” or “AA-top” in Fig. 2(f) and
3(b); (iii) “AA-hollow” in Fig. 3(c). In below, we set
the system size to be r = 14.2 A˚. By comparing the
conductance in the three different twist axes as shown
in Figs. 3(a)-3(c), one can clearly find that, the conduc-
tances for “AB-hollow” and “AA-hollow” geometries are
vanishingly small at Fermi energies near the charge neu-
trality point as twist angles deviating from zero. In a
sharp contrast, the conductances for “AB-top” and “AA-
top” for Fermi energies near the charge neutrality point
are finite and oscillating in a quasi-periodic manner as
a function of the twist angle. Figure 3(d) presents a di-
rect comparison of the conductances among four different
twist axes at the Fermi level of E = 0.02eV : the systems
with “hollow” type axis exhibit nearly vanishing conduc-
tance, while the systems with “top” type axis exhibit
oscillating conductance, with the maxima approaching
quantization.
4The above observation of qualitative difference
strongly suggests that the twist axis plays a crucial role in
determining the interlayer transport, which suggests the
dependence of electronic properties of tBLG on the twist-
ing axis. This finding sheds great light in engineering
“ON/OFF” functions in nanometer sized twist-related
devices. To confirm our findings based on the first prin-
ciples calculation, we also construct tight-binding mod-
els for the same systems employed above to study the
electronic transport properties. We find that the results
from tight-binding models are qualitatively consistent
with that from first principles calculation. Nevertheless,
near the centers of the high-conductive regions for the
“top” axes, the tight-binding model results show vanish-
ing conductance, which is qualitatively different from the
first-principles calculations indicating some information
missing in tight-binding model [50].
Summary—. We studied the interlayer transport prop-
erties of two mesoscopic graphene disks with a wide range
of twist angles. By employing nonequilibrium Green’s
function method combining with density functional the-
ory and tight-binding models, we explore systematically
the dependence of interlayer conductance on the system
size, stacking order, twist axis, twist angle, and Fermi en-
ergy. By calculating the conductance with different disk
radii, we find that interlayer tunneling quasi-periodically
exists as a function twist angle in such mesoscopic twist
bilayer graphene system. We then find that twist axes
has significant influence on the electronic transport prop-
erties, i.e., the systems with “top” twist axis displays fi-
nite conductance oscillating as a function of twist angle,
while for “hollow” twist axis, the conductance nearly van-
ishes for Fermi energy near the charge neutrality point.
Moreover, at fixed twist angles, the conductance can be
effectively controlled by tuning the Fermi energy, indicat-
ing the electrical tunable conductance in nano-devices of
tBLG system. These findings imply that incommensu-
rate angles and twist axes can greatly modify the elec-
tronic properties in mesoscopic van der Waals materials
and illuminate the way to design twist multilayer nan-
odevices.
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